All ABR, DPOAE, and confocal imaging files generated for this project are available through UR Research (<http://hdl.handle.net/1802/35758>).

Introduction {#sec001}
============

Noise-induced hearing loss (NIHL) affects at least 10 million adults in the United States \[[@pone.0235491.ref001]\], including over a million veterans \[[@pone.0235491.ref002]\]. Noise-induced auditory dysfunction, including tinnitus and NIHL, is the most common disability among former combat soldiers, costing the Veteran's Administration over a billion dollars annually \[[@pone.0235491.ref002]\]. NIHL is a form of acquired hearing loss, which can be associated with greater levels of anxiety \[[@pone.0235491.ref003]\], emotional distress \[[@pone.0235491.ref004]\], and perceived stigmatization \[[@pone.0235491.ref005]\], as well as poorer health outcomes \[[@pone.0235491.ref006]\]. There is no approved biological treatment for NIHL \[[@pone.0235491.ref001]\], and it can only be prevented by physically avoiding noise exposure.

Recent progress has been made in identifying genetic variants that predispose individuals to NIHL in occupational settings \[[@pone.0235491.ref007], [@pone.0235491.ref008]\]. Gene variants encoding proteins that modulate oxidative stress are over-represented in these studies (for review, see \[[@pone.0235491.ref009]\]). More specifically, gene variants that reduce mitochondrial function enhance susceptibility to acquired hearing loss from noise \[[@pone.0235491.ref010], [@pone.0235491.ref011]\], ototoxic drugs \[[@pone.0235491.ref012]\], and age-related hearing loss \[[@pone.0235491.ref013], [@pone.0235491.ref014]\]. These facts support a model where proteins promoting mitochondrial function and counteracting oxidative stress protect hearing from excessive noise. SIRT3 is a mitochondrial lysine deacetylase \[[@pone.0235491.ref015]\] that promotes an effective oxidative stress response \[[@pone.0235491.ref016]\] from mitochondrial enzymes, including Superoxide Dismutase 2 (SOD2, \[[@pone.0235491.ref017]\]). SIRT3 activation through dietary restriction has previously been shown to protect cochlear outer hair cells (OHCs) from aging. The positive effect was only observed in wild-type, not homozygous *Sirt3-KO* mice \[[@pone.0235491.ref018]\]. Genetic or pharmaceutical activation of sirtuins was also shown to rescue hearing from traumatic noise damage in a SIRT3-dependent manner \[[@pone.0235491.ref019]\]. These findings indicate that exogenous activation of SIRT3 is sufficient to protect cochlear cells from damaging insults. The same study also showed that both homozygous Sirt3-KO mice and wild-type controls had similar levels of damage from a permanent threshold shift (PTS)-inducing noise exposure in the absence of exogenous SIRT3 activation \[[@pone.0235491.ref019]\]. However, whether SIRT3 has a role in protecting the cochlea from a sub-traumatic noise exposure has not been established.

Here we present studies investigating whether there is a requirement for SIRT3 in the recovery of hearing thresholds in adult mice after a temporary threshold shift (TTS). Since TTS is associated with a recoverable disrupted cellular process rather than hair cell loss \[[@pone.0235491.ref020]\], SIRT3's activity in hearing recovery from sub-traumatic noise can be determined by comparing wild-type and *Sirt3-KO* mice. These loss-of-function studies complement the already-published gain-of-function studies. Multiple labs have successfully used this method to identify genes \[[@pone.0235491.ref021]\] and conditions \[[@pone.0235491.ref022]\] that modulate susceptibility to noise damage. Noise exposure can eliminate high-frequency auditory synapses \[[@pone.0235491.ref020], [@pone.0235491.ref023]\] in a glutamine-dependent manner \[[@pone.0235491.ref024]\], and the restoration of auditory synapses was proposed to be the mechanism by which SIRT3 reduced NIHL \[[@pone.0235491.ref019]\]. To evaluate any requirement for endogenous SIRT3 activity in resilience from noise damage, we employed a noise exposure that is 80% of the energy level needed to induce synaptopathy \[[@pone.0235491.ref020], [@pone.0235491.ref023]\]. This treatment induces small or negligible permanent ABR threshold shifts \[[@pone.0235491.ref021]\], and does not cause OHC death \[[@pone.0235491.ref021]\]. By exposing homozygous *Sirt3-KO* mice and their wild-type littermates to sub-traumatic noise, we sought to uncover Sirt3's role in preserving these cellular structures and functions after TTS.

Materials and methods {#sec002}
=====================

Animal usage {#sec003}
------------

All experiments were performed in compliance with the US Department of Health and Human Services, and were approved by the University Committee on Animal Resources at the University of Rochester Medical Center (\#2010--011, PI Patricia White) or the IACUC at Northwestern University. Male *Sirt3-KO* mice (129-Sirt3tm1.1Fwa/J; stock number 012755; The Jackson Laboratory) were bred four times to FVB/nJ females (stock number 001800, The Jackson Laboratory). In other experiments, we have found that four generations is sufficient to confer youthful noise damage sensitivity similar to that of congenic FVB/nJ \[[@pone.0235491.ref021], [@pone.0235491.ref023]\]. Heterozygotes with different parents were bred together to obtain both knockout and wild-type littermates. Both males and females were used. In the first five litters generated, fourteen homozygous *Sirt3-KO* and thirteen wild-type littermates were generated and then exposed to noise. Four additional litters were generated to produce homozygous *Sirt3-KO* mice and wild-type littermates, which were not exposed to noise, for histology. Mice were given ample nesting materials and small houses within their home cage. Mice were euthanized with gradual CO~2~ exposure in their home cage. One minute after the cessation of breathing, mice were decapitated to ensure death.

For genotyping, DNA was obtained from 2-mm tail samples from P21-P25 weanlings using sterilized scissors without anesthesia, in accordance with University guidelines. Samples were digested overnight in Proteinase K (IBI Sciences) solution at 65°C followed by phenol/chloroform extraction. The KAPA Taq PCR kit (Sigma, BK1000) was used in conjunction with three primer sequences (wild type, `CTT CTG CGG CTC TAT ACA CAG`; common, `TGC AAC AAG GCT TTA TCT TCC`; mutant, `TAC TGA ATA TCA GTG GGA ACG`) to identify genotypes.

Noise exposure {#sec004}
--------------

Awake two month old mice were exposed to noise limited to the 8--16 kHz octave band at 105 decibels for 30 minutes. Mice were each placed into individual triangular wire mesh cages, 12 cm x 5 cm x 5 cm, in an asymmetric plywood box with a JBL2250HJ compression speaker and JBL2382A biradial horn mounted on the top. This apparatus was contained within a sound booth. The speaker was driven by a TDT RX6 multifunction processor and dedicated attenuator, and controlled with TDT RPvdsEx sound processing software. The sound level was calibrated with a Qwest sound meter, and the sound level was checked each morning with a calibrated iPhone using the FaberAcoustical SoundMeter app. Mice were exposed to noise between 9 am and 4 pm. No analgesia was provided; however, after noise exposure all mice were ambulatory and did not show common signs of distress, such as failure to groom, hunched posture, or lack of movement. Mice were observed daily for three days after the noise exposure procedure for signs of fighting. Fighting mice were isolated from their cage mates in separate housing.

Auditory testing {#sec005}
----------------

Mice were tested at 7 weeks of age (pre-test), one day after receiving noise exposure, and again fourteen days later. Mice were exposed to noise at P60. Auditory testing was conducted using a Smart EP Universal Smart Box (Intelligent Hearing Systems) with high-frequency speakers from Tucker Davis Systems. Mice were anesthetized with an intraperitoneal injection of ketamine (80 mg/kg) in a sterile acepromazine/saline mixture (3 mg/kg). A 10B+ (high frequency transducer/stimulator) probe was placed at the opening to the external auditory meatus. Sound production in this system was calibrated with a Qwest sound meter every six months.

Auditory brainstem response (ABR) stimuli were 5-ms clicks, or 5-ms tone pips presented at 5 frequencies between 8 and 32 kHz. Stimuli began at 75 dB amplitude and decreased by 5 dB steps to 15--25 dB. 512 sweeps were averaged for each frequency and amplitude. Electrical responses were measured with three subdermal needle electrodes (Grass): one inserted beneath each pinna, and a third, the ground electrode, placed at the vertex. ABR thresholds for a particular frequency were determined by any part of the last visible trace (dB). The person scoring the waveforms was blinded to genotype and time point. Masking and randomization was performed by drawing cards from a fair deck and renaming files appropriately.

For distortion product otoacoustic emissions (DPOAE), we measured the amplitude of evoked otoacoustic emissions to paired pure tones of frequencies f1 and f2, where f1/f2 = 1.2 and the f1 level was 10 dB above f2. Thirty-two sweeps were made in 5 dB steps starting with f1 at 20 dB and ending at 65 dB. The DPOAE threshold was calculated by interpolating the f2 level that would produce a 3 dB response.

Antibodies {#sec006}
----------

The following primary antibodies were used: mouse IgG1 anti-SIRT3 antibody (1:200; Novus Biologicals; RRID:AB_2818991); goat anti-Oncomodulin antibody (OCM; 1:1000; Santa Cruz; RRID:AB_2267583), rabbit anti-Myosin7a (MYO7; 1:200; Proteus; RRID:AB_10013626) mouse anti-CTBP2 (aka C-Terminal Binding Protein 2; 1:200; BD Transduction Laboratories; RRID:AB_399431), and mouse anti-GRIA2 (aka GluR2/GluA2; 1:2000; Millipore; RRID:AB_2113875). The following secondary antibodies were purchased from Jackson Immuno Research: Donkey Anti-Mouse AF488 (1:500; RRID:AB_2340849), Donkey Anti-Rabbit AF594 (1:500; RRID:AB_2340622), Donkey Anti-Rabbit AF647 (1:200; RRID:AB_2340625), Donkey Anti-Goat AF647 (1:200; RRID:AB_2340438), Goat Anti-Mouse AF594 (IgG1, 1:500; RRID:AB_2338885), AF488 Goat Anti-Mouse (IgG2a, 1:500; RRID:AB_2338855). For the images in [Fig 1](#pone.0235491.g001){ref-type="fig"}, an AF568 Goat Anti-Mouse (IgG1, 1:200, Thermo Fisher, RRID: AB_2535766) was used.

![SIRT3 is expressed in sensory cells of the adult mouse cochlea.\
a. Cochlear whole mount preparation from a wild-type adult mouse, immunolabeled with antibodies specific to MYO7 (green) and SIRT3 (red), and co-stained with DAPI (blue) to reveal nuclei. The vertical yellow lines show the positions from which the side views are taken. (a') shows anti-SIRT3 immunoreactivity only. b. Cochlear whole mount preparation from a *Sirt3-KO* adult mouse, identically labeled and imaged. This control was used to set the background to reveal SIRT3-specific staining.](pone.0235491.g001){#pone.0235491.g001}

Tissue preparation for immunostaining {#sec007}
-------------------------------------

Cochlear organs were dissected out of freshly euthanized animals. Their stapes were removed, and a hole was made in their apical tips to allow for adequate fluid exchange. Tissues were immersed in 4% paraformaldehyde (PFA) in PBS for at least overnight, and decalcified in 0.1M EDTA at 4°C on a rotating platform for four days. These cochleae were decalcified in 10% EDTA in 1X PBS (diluted from 10X PBS, Invitrogen) for 2--3 days. All whole mount preparations were microdissected into turns as previously described \[[@pone.0235491.ref025], [@pone.0235491.ref026]\], and the tectorial membrane was carefully removed. Cochleae were mapped using the ImageJ plug-in from Massachusetts Eye and Ear Infirmary.

Immunostaining {#sec008}
--------------

For anti-SIRT3 staining, cochlear pieces were first soaked in 30% sucrose on a shaker for 20 minutes, and then transferred to dry ice for 10--15 minutes or until the sucrose was completely frozen. The samples were allowed to thaw at room temperature and washed with 1X PBS 3 times, rinsing for 20 minutes in between on a shaker. After blocking with 5% serum + 1% Triton, the primary antibody mix diluted in block was added and incubated overnight at 37°C. After rinsing 3 times in PBS (10 minutes each), secondary antibody mix (diluted in block and including Hoechst or DAPI at 1:1000) was added and incubated away from light for 2 hours at 37°C. The pieces were then washed another 3 times with 1X PBS and mounted on slides.

For post-injury histological characterization, dissected mapped turns were immersed in 30% sucrose, flash frozen in liquid nitrogen, allowed to thaw, washed in room temperature Dulbecco's PBS (Gibco), and blocked for one hour in 1% Triton / 5% donkey serum in PBS. Primary antibody incubations of anti-MYO7, anti-OCM, anti-CTBP2, and anti-GRIA2 were performed at 37°C for 20 hours. The tissue was washed in PBS, and secondary antibody incubation was performed at 37°C for an additional 2 hours, with both MYO7 and OCM labeled with 647-conjugated antibodies. This whole mount protocol was kindly provided by Leslie Liberman. All tissue was mounted using ProLong Gold (Fisher). Whole mounts were placed between two 50 mm coverslips for imaging.

Confocal microscopy and image processing for figures {#sec009}
----------------------------------------------------

Anti-SIRT3 immunostaining was analyzed at the Center for Advanced Microscopy/Nikon Imaging Center at Northwestern University, using a Nikon A1 Laser Scanning or Nikon W1 Dual CAM Spinning Disk imaging setup. Appropriate excitation and emission settings were used and fixed for all panels in the same images presented in the paper. Post-injury histological characterizations were done on an Olympus FV1000 laser scanning confocal microscope at the Center for Advanced Light Microscopy and Nanoscopy at URMC. ImageJ (NIH) was used to Z-project maximal brightness in confocal stacks. Photoshop (Adobe) was used to set maximal and background levels of projections for the construction of figures.

For cochleogram analysis, composite images for cochleograms were assembled in Photoshop by pasting each optical section into its own layer, and merging the pieces of the optical sections where hair cells were evident. Alternatively, projections of confocal stacks were used when individual hair cells could be clearly distinguished. Composite or projected images for the mapped regions of each organ were assembled in a single file in Photoshop. 100 micron lengths were pasted onto the images on the row of pillar cells, and OHCs were counted to determine the percent lost. Where the loss of OHCs was great enough (\>30%), an average OHC count, determined from low-frequency regions of the same cochlea, was used as the denominator \[[@pone.0235491.ref027]\].

Synaptic components of inner hair cells (IHCs) were imaged with a 100X oil lens at 2X magnification. To obtain 3D images of IHCs, the confocal files were opened in Amira 6.0 (Visualization Science Group), appropriately thresholded, and rotated to better display the IHCs. To count ribbon synapses, we visually quantified red/green synaptic puncta, as indicated by colocalized staining within IHCs on projected confocal stacks. The analyst was blinded to genotype, frequency and condition, and the images were randomized in presentation, by renaming the images according to cards drawn from a fair deck. Synapse numbers were then divided by the number of hair cells in the field to obtain a biological replicate. In previous publications, we have used automated synapse detection methods; however, in some of these preparations the staining background for GRIA2 was too variable for computational approaches that use thresholding. This was determined by comparing the number of synapses obtained through visual inspection to those obtained through automated means \[[@pone.0235491.ref028]\].

Statistical analysis {#sec010}
--------------------

Statistical tests for ABR and DPOAE thresholds, and for DPOAE input-output functions, were performed in R using standard functions. The data distribution for cochleograms did not meet the Shapiro test for normality, and was therefore assessed with the Kruskal-Wallis rank sum test. Both functions were also performed in R.

To calculate significance levels for amplitude progressions, we compared the integrals of the amplitude progressions, as they reflect the total number of coordinately signaling spiral ganglion neurons. To model the progressions, generalized estimating equations (GEE) were used. These are suitable for the analysis of longitudinal data when population level mean responses suffice to resolve hypotheses. The correlation among responses induced by the repeated measure design were thus modelled by constructing a suitable covariance matrix \[[@pone.0235491.ref029]\].

Generalized linear model conventions were used. Responses were modeled as Poisson variates, with varying scale parameter to account for overdispersion. The exchangeable correlation model was used to account for within-sample correlation. The link function was *g(μ) = log (μ)* so that *μ = e*^*η*^, where *η* is a linear prediction term dependent on threshold x and binary group factor *I*. The null hypothesis of no group effect was modelled as *H*~*0*~: *η = poly(x*, *d)*, and the alternative hypothesis was modelled as Hα: *η = poly(x*, *d) \* I*, where *poly(x*, *d)* is an order *d* polynomial with unknown parameters. For the baseline, 14 day post noise (DPN) and KO analyses, *d* = 2 was used, while for the WT analysis *d* = 4 proved to be a significantly better fit. Observed significance levels were obtained both by the χ^2^ approximation method of **geeglm**, as well as by a parametric bootstrap method. P-values obtained by both methods were comparable. However, the bootstrap procedure was the more conservative, so these P-values were used (see [Table 1](#pone.0235491.t001){ref-type="table"}).

10.1371/journal.pone.0235491.t001

###### Integrals and p-values for 32 kHz ABR voltage progressions for homozygous *Sirt3-KO* and wild-type mice.

![](pone.0235491.t001){#pone.0235491.t001g}

                                                      P-values       
  ---------- ---------- ------- ------- ------ ------ -------------- -------
  Pre-test   WT         11645   KO      6577   5067   0.046 \*       0.008
  14DPN      WT         6185    KO      6534   -349   0.874          0.028
  KO         Pre-test   6552    14DPN   6702   -150   0.914          0.001
  WT         Pre-test   11046   14DPN   5747   5299   0.002 \*\*\*   0.138

Results {#sec011}
=======

Immunofluorescence for SIRT3 protein reveals its expression pattern in the adult mouse cochlea ([Fig 1](#pone.0235491.g001){ref-type="fig"}). Inner and outer hair cells (IHC & OHC) were visualized with anti-Myosin7 antibodies ([Fig 1](#pone.0235491.g001){ref-type="fig"}, MYO7, green), and nuclei were revealed with DAPI ([Fig 1](#pone.0235491.g001){ref-type="fig"}, blue). SIRT3 immunoreactivity was evident in OHCs and especially in the positions of nerve root endings and supporting cells surrounding the IHCs ([Fig 1a](#pone.0235491.g001){ref-type="fig"}, red). The latter finding is readily observed in the side view ([Fig 1a](#pone.0235491.g001){ref-type="fig"}, cf. red to green). SIRT3 immunoreactivity was significantly greater than that of age-matched, exposure-matched preparations from homozygous *Sirt3-KO* mice ([Fig 1b](#pone.0235491.g001){ref-type="fig"}, red), demonstrating antibody specificity. Endogenous SIRT3 protein in the cochlea was not sufficiently abundant to visualize on a western blot. Messenger RNA levels for sirtuins have been previously described in the adult mouse cochlea, with *Sirt3* mRNA significantly expressed in adult mouse IHC and OHC \[[@pone.0235491.ref030]\].

Hearing thresholds for homozygous *Sirt3-KO* and wild-type littermates were evaluated by auditory brainstem response (ABR) and by distortion product otoacoustic emissions (DPOAE). While others have reported no difference in auditory thresholds between young adult homozygous *Sirt3-KO* and wild-type littermates \[[@pone.0235491.ref018], [@pone.0235491.ref019], [@pone.0235491.ref031]\], those experiments were performed using mice of the C57BL/6J strain. To assess the response to noise damage, we bred Sirt3-KO mice to FVB/nJ mice, which have good hearing and a youthful susceptibility to noise damage \[[@pone.0235491.ref032]\]. Littermates of both genotypes underwent hearing tests at around P50. On FVB/nJ, homozygous Sirt3-KO mice demonstrate slightly but significantly higher ABR thresholds on average compared to wild-type littermates ([Fig 2b](#pone.0235491.g002){ref-type="fig"}, pink traces, p = 0.004 for genotype, two-way ANOVA, n = 27 mice total, noted as \*\*). However, no single frequency was significantly worse (p = 0.053, 0.39, 0.41, 0.53, 0.059 for 8, 12, 16, 24, and 32 kHz frequencies respectively, two-tailed pairwise t-tests at each frequency with Bonferroni correction, n = 27 mice total). DPOAE threshold averages were identical for both genotypes ([Fig 2e](#pone.0235491.g002){ref-type="fig"}, p = 0.43 for genotype, two-way ANOVA, n = 27 mice total, noted as ns).

![SIRT3 loss of function impacts initial auditory thresholds but not hearing recovery from TTS.\
a. The time course of experiments is shown. Homozygous *Sirt3-KO* mice and wild-type littermates are tested for ABR and DPOAE thresholds prior to noise exposure (pre-test). At P60, they are exposed to an 8--16 octave band noise at 105 dB for 30 minutes (noise), which is sufficient to drive temporary threshold shifts in this strain \[[@pone.0235491.ref021], [@pone.0235491.ref023]\]. Their hearing thresholds are assessed again at 1 day post noise (1 DPN) and 14 days post noise (14 DPN). ABR and DPOAE are assessed at 8, 12, 16, 24, and 32 kHz for all panels. b. Mean ABR thresholds prior to noise exposure for homozygous *Sirt3-KO* mice (n = 14, pink) and wild-type littermates (n = 13, black). Mice were approximately P50 when tested. Homozygous *Sirt3-KO* mice had significantly worse overall hearing (p = 0.004 for genotype, two way ANOVA, n = 27 mice total, noted as \*\*); however, no single frequency was significantly worse (p = 0.053, 0.39, 0.41, 0.53, 0.059 for the five frequencies respectively, two-tailed pairwise t-tests at each frequency with Bonferroni correction, n = 27 mice total). c. Mean ABR thresholds at 1 DPN for homozygous *Sirt3-KO* mice (n = 14, pink) and wild-type littermates (n = 13, black). No significant difference was seen between genotypes (p = 0.35 for genotype, two-way ANOVA, n = 27 mice total, noted as n.s.). d. Mean ABR thresholds at 14 DPN for homozygous *Sirt3-KO* mice (n = 14, pink) and wild-type littermates (n = 13, black). No significant difference was seen between genotypes (p = 0.85 for genotype, two way ANOVA, n = 27 mice total). Overall ANOVA for all three time points showed no significant difference between genotypes (p = 0.33, multi-way ANOVA, n = 27 mice total, noted as n.s.). e. Mean DPOAE thresholds prior to noise exposure for homozygous *Sirt3-KO* mice (n = 14, pink) and wild-type littermates (n = 13, black). No significant difference was seen between genotypes (p = 0.43 for genotype, two-way ANOVA, n = 27 mice total, noted as n.s.). f. Mean DPOAE thresholds at 1 DPN for homozygous *Sirt3-KO* mice (n = 14, pink) and wild-type littermates (n = 13, black). No significant difference was seen between genotypes (p = 0.50 for genotype, two-way ANOVA, n = 27 mice total, noted as n.s.). g. Mean DPOAE thresholds at 14 DPN for homozygous *Sirt3-KO* mice (n = 14, pink) and wild-type littermates (n = 13, black). No significant difference was seen between genotypes (p = 0.25 for genotype, two-way ANOVA, n = 27 mice total, noted as n.s.). Error bars: s.e.m.](pone.0235491.g002){#pone.0235491.g002}

To evaluate SIRT3's role in hearing recovery, we exposed mice to a noise dose that confers little permanent damage to awake, two month old, wild-type FVB/nJ mice \[[@pone.0235491.ref021], [@pone.0235491.ref023]\]. An exposure to an 8--16 kHz octave band at 105 dB for thirty minutes is sufficient to elevate auditory brainstem response (ABR) thresholds in mice one day after noise exposure, which is fully recovered in two weeks. This exposure reduces high-frequency peak 1 amplitudes two weeks after exposure, but does not significantly eliminate high-frequency synapses \[[@pone.0235491.ref023]\]. Mice previously tested with ABR and DPOAE were exposed to noise at P60 and received two additional hearing tests at P61 and P74 ([Fig 2a](#pone.0235491.g002){ref-type="fig"}). At P74, mice were euthanized for histological analysis.

Noise exposure significantly increased ABR thresholds in both homozygous Sirt3-KO mice ([Fig 2b](#pone.0235491.g002){ref-type="fig"} cf. c, pink traces, p = 6x10^-14^, for time point, two way ANOVA, n = 14 mice) and their wild-type littermates ([Fig 2b](#pone.0235491.g002){ref-type="fig"} cf. c, black traces, p = 2x10^-16^ for time point, two-way ANOVA, n = 13 mice). In contrast to the comparison of ABR thresholds prior to noise exposure, thresholds for the two genotypes were not different at 1 DPN ([Fig 2c](#pone.0235491.g002){ref-type="fig"}, p = 0.35 for genotype at 1 DPN, two-way ANOVA, n = 27 mice). At 14 DPN, there was also no difference in ABR thresholds between genotypes ([Fig 2d](#pone.0235491.g002){ref-type="fig"}, p = 0.85 for genotype at 14 DPN, two-way ANOVA, n = 27). We similarly calculated thresholds for distortion product otoacoustic emissions (DPOAE) for the same mice at the same time points ([Fig 2f and 2g](#pone.0235491.g002){ref-type="fig"}). DPOAE thresholds for both genotypes were similarly elevated at 1 DPN for both genotypes, and recovered to the same levels at 14 DPN (p = 0.13 for genotype, multivariate ANOVA, n = 27 mice).

We evaluated the requirement for SIRT3 on ABR peak 1 amplitudes of homozygous *Sirt3-KO* mice and their wild-type littermates before and after noise damage. Mean ABR thresholds for homozygous *Sirt3-KO* mice were 55.7 dB ± 4.1 at 32 kHz, compared to 44.2 ± 4.1 for wild-type littermates, which was not different when adjusted for multiple comparisons. Note that thresholds are determined by the continued presence of any part of the waveform, and not solely by the presence of peak 1. To assess differences between peak 1 amplitude progressions, we used generalized estimating equations (GEE) to build linear models of the correlated data (see [Methods](#sec002){ref-type="sec"}), as these are suited for the analysis of longitudinal data when population level mean responses suffice to resolve hypotheses \[[@pone.0235491.ref029]\]. We then compared the integrals of these models between genotypes and conditions. We propose that the amplitude integrals ([Table 1](#pone.0235491.t001){ref-type="table"}) better represent the increased recruitment of auditory synapses as the stimulus is amplified, compared to using the amplitude values themselves.

[Fig 3](#pone.0235491.g003){ref-type="fig"} shows pairwise comparisons of data obtained from each mouse ([Fig 3a--3d](#pone.0235491.g003){ref-type="fig"}, light lines). The linear models obtained through GEE analysis are displayed on the same graphs ([Fig 3a--3d](#pone.0235491.g003){ref-type="fig"}, heavy lines). Latency values for peak 1 at both time points are also shown ([Fig 3e and 3f](#pone.0235491.g003){ref-type="fig"}). The values of the amplitude integrals and their associated p-values are listed in [Table 1](#pone.0235491.t001){ref-type="table"} (see [Methods](#sec002){ref-type="sec"} for a full description). Mean peak 1 amplitude integrals were significantly reduced for homozygous *Sirt3-KO* mice compared to wild-types at 32 kHz, after adjusting for multiple comparisons using this approach (p = 0.046, parametric bootstrap method, n = 27 mice, indicated with \*). At 14 DPN, mean peak 1 amplitude integrals at 32 kHz were significantly reduced in wild-type littermates compared to measurements before noise exposure (p = 0.002, parametric bootstrap method, n = 13 mice, indicated with \*\*). At 14 DPN, mean peak 1 amplitude integrals were similar when the genotypes were compared (p = 0.87, parametric bootstrap method, n = 27 mice, indicated with *ns*). Mean peak 1 amplitude integrals at 32 kHz in homozygous *Sirt3-KO* mice were unchanged before and 14 days after noise (p = 0.914, parametric bootstrap method, n = 14, indicated with *ns*). Latencies for peak 1 were not different between genotypes at either time point ([Fig 3e and 3f](#pone.0235491.g003){ref-type="fig"}, cf. black to red, Kruskal-Wallis rank sum test, n = 27 mice, p = 0.68 for pre-tests and p = 0.26 for 14 DPN, indicated with *ns*).

![SIRT3 loss of function impacts pre-noise ABR peak 1 amplitudes, but not amplitudes after noise exposure.\
a. Peak 1 amplitudes in ABR measurements for 32 kHz stimuli prior to noise exposure for homozygous *Sirt3-KO* mice (n = 14, thin pink) and wild-type littermates (n = 13, thin black). Peak 1 amplitudes (microvolts) are plotted on the y axis for different amplitudes of stimulus (dB SPL) plotted on the x-axis. Heavier pink and black lines represent respective GEE models. The area under the curve, representative of the progressive neuronal recruitment, is significantly reduced for homozygous *Sirt3-KO* mice (p = 0.046, parametric bootstrap method, n = 27 mice, indicated with \*). b. Same analysis as in (a), but for peak 1 amplitude values obtained from the same mice 14 DPN. No difference is seen between genotypes (p = 0.87, parametric bootstrap method, n = 27 mice, indicated with *ns*). c. Same analysis as in (a, b), however, in this case amplitudes obtained from homozygous *Sirt3-KO* mice are compared before and after noise exposure. No differences are seen (p = 0.914, parametric bootstrap method, n = 14, indicated with *ns*). d. Same analysis as in (a, b), however, in this case amplitudes obtained from wild-type littermates are compared before and after noise exposure. A significant reduction in amplitude is evident after noise exposure (cf. red to black, p = 0.002, parametric bootstrap method, n = 13, indicated with \*\*). e. Mean peak 1 latencies for 32 kHz stimuli prior to noise exposure for homozygous *Sirt3-KO* mice (n = 14, pink) and wild-type littermates (n = 13, black). No differences are seen between genotypes (Kruskal-Wallis rank sum test, p = 0.68, indicated with *ns*). Error bars: s.e.m. f. Mean peak 1 latencies for 32 kHz stimuli at 14 DPN for homozygous *Sirt3-KO* mice (n = 14, pink) and wild-type littermates (n = 13, black). No differences are seen between genotypes (Kruskal-Wallis rank sum test, p = 0.26, indicated with *ns*). Error bars: s.e.m.](pone.0235491.g003){#pone.0235491.g003}

We evaluated the requirement for SIRT3 on DPOAE fine structure by comparing input-output functions for homozygous *Sirt3-KO* and wild-type mice, prior to noise exposure and at 14 DPN ([Fig 4](#pone.0235491.g004){ref-type="fig"}). Values for each L2 frequency are displayed separately, comparing homozygous *Sirt3-KO* mice ([Fig 4](#pone.0235491.g004){ref-type="fig"}, pink) to wild-type littermates ([Fig 4](#pone.0235491.g004){ref-type="fig"}, black). The curves overlapped at each frequency, and no significant differences were observed (p = 0.07 for genotype, multivariate ANOVA, n = 27 mice). Taken together, these data suggest that the absence of endogenous SIRT3 activity does not confer susceptibility to permanent functional impairment from noise exposure, by these measures.

![SIRT3 loss of function does not impact OHC function as measured with DPOAE pre-noise input-output functions in either condition.\
Ten graphs comparing homozygous *Sirt3-KO* (pink) and wild-type (black) littermates are arranged by time point, with pre-test results on the top row and 14 DPN results on the bottom row, as well as by frequency, displaying 8 kHz, 12 kHz, 16 kHz, 24 kHz, and 32 kHz results from left to right. Mean distortion product (DP) amplitudes in dB are plotted on the y-axis, and the amplitudes of the L2 stimulus (dB) are plotted on the y-axis. No differences between the genotypes (p = 0.07 for genotype, ANOVA, n = 27 mice, indicated with *ns*). Error bars: s.e.m.](pone.0235491.g004){#pone.0235491.g004}

We sought to determine if OHCs or IHCs are more susceptible to cell death from noise in the absence of SIRT3. We prepared mapped cochlear organs for whole mount imaging of OHCs and IHCs for cochleogram analysis. The cochleae were divided into 100 micron segments along the line of pillar cells, surviving OHCs and IHCs were quantified for each segment, and the percent of lost hair cells were plotted as a function of distance along the cochlear length ([Fig 5](#pone.0235491.g005){ref-type="fig"}). Basal OHCs were more prone to losses in both the wild-type and homozygous *Sirt3-KO* mouse in the absence of noise damage ([Fig 5](#pone.0235491.g005){ref-type="fig"}, cf. b to h), with some variability between biological replicates ([Fig 5b](#pone.0235491.g005){ref-type="fig"}, cf. purple and green). The TTS noise exposure did not potentiate OHC or IHC losses in wild-type littermates ([Fig 5e](#pone.0235491.g005){ref-type="fig"} cf. b, p = 0.18 (OHCs), f cf. c, p = 0.80 (IHCs), Kruskal-Wallis rank sum test, n = 3,4 biological replicates). Cell losses were not different between homozygous Sirt3-KO mice and their wild-type littermates in the absence of noise ([Fig 5h](#pone.0235491.g005){ref-type="fig"} cf. b p = 0.71 (OHCs), i cf. c, p = 0.45 (IHCs), Kruskal-Wallis rank sum test, n = 4 biological replicates). Like wild-type littermates, the TTS noise exposure did not potentiate OHC or IHC losses in the homozygous *Sirt3-KO* mouse ([Fig 5k](#pone.0235491.g005){ref-type="fig"} cf. h, p = 0.49 (OHC), l cf. i, p = 0.76 (IHC), Kruskal-Wallis rank sum test, n = 4 biological replicates). These data indicate that SIRT3 loss of function does not significantly impact hair cell survival after mild noise insult.

![SIRT3 loss of function does not impact OHC or IHC survival in either condition.\
a. Representative cochlear preparation from a wild-type littermate without noise exposure, with IHCs revealed with anti MYO7 antibodies (white) and OHCs revealed with anti-OCM antibodies (also white). Scale bar: 200 microns. b. Cochleogram results from 4 mapped cochlear preparations from 4 wild-type littermates without noise exposure, where OHC loss was quantified in 100 micron segments. The distance from the apex for each segment is plotted on the x-axis, and the percent OHC loss for the segment is plotted on the y-axis. Dots with the same color (purple, blue, green, or red) are from the same cochlear preparation. c. Cochleogram results from the same preparations, where IHC loss was quantified in the same segments and presented similarly with corresponding colors. d. Representative cochlear preparation from a wild-type mouse at 14 DPN, with the same staining as in (a). e. Cochleogram results for OHCs, similar to (b), from 3 mapped cochlear preparations from 3 wild-type littermates at 14 DPN. Compared to (b), p = 0.18, Kruskal-Wallis rank sum test, n = 3,4 biological replicates. f. Cochleogram results for IHCs, similar to (c), from the same preparations shown in (d). Compared to (c), p = 0.80, Kruskal-Wallis rank sum test, n = 3,4 biological replicates. g. Representative cochlear preparation from a homozygous *Sirt3-KO* mouse without noise exposure, with the same staining as in (a). h. Cochleogram results for OHCs, similar to (b), from 4 mapped cochlear preparations from 4 homozygous *Sirt3-KO* mice without noise exposure. Compared to (b), p = 0.71, Kruskal-Wallis rank sum test, n = 4 biological replicates. i. Cochleogram results for IHCs, similar to (c), from the same preparations shown in (h). Compared to (c), p = 0.45, Kruskal-Wallis rank sum test, n = 4 biological replicates. j. Representative cochlear preparation from a homozygous *Sirt3-KO* mouse at 14 DPN, with the same staining as in (a). k. Cochleogram results for OHCs, from 4 mapped cochlear preparations from 4 homozygous *Sirt3-KO* mice at 14 DPN. Compared to (h), p = 0.49, Kruskal-Wallis rank sum test, n = 4 biological replicates. l. Cochleogram results for IHCs, similar to (c), from the preparations shown in (k). Compared to (i), p = 0.76, Kruskal-Wallis rank sum test, n = 4 biological replicates.](pone.0235491.g005){#pone.0235491.g005}

SIRT3 immunoreactivity is also present in cellular structures immediately adjacent to IHCs, around regions of innervation ([Fig 1A](#pone.0235491.g001){ref-type="fig"}). Therefore, we sought to determine if synaptic losses are potentiated after noise exposure in the homozygous *Sirt3-KO* mouse. We imaged MYO7+ IHCs at 12 and 24 kHz that had also been stained with antibodies against CTBP2, the major component of auditory synaptic ribbons, as well as GRIA2, one of the glutamate receptor components of auditory post-synaptic specializations \[[@pone.0235491.ref033]\]. Representative images for wild-type and homozygous *Sirt3-KO* cochleae, with and without noise exposure, are depicted in [Fig 6](#pone.0235491.g006){ref-type="fig"}. Confocal stacks were imported into Amira, so that the IHCs could be rotated, to view at similar angles. Paired synaptic structures were quantified visually on randomized projected images, whose condition and genotype were masked from the analyst. Each frequency, condition, and genotype is labeled with the mean number of synapses per IHC for 3--4 biological replicates. Wild-type cochlea harbored between 16.7 and 18.0 synapses per IHC in no noise condition ([Fig 6a and 6b](#pone.0235491.g006){ref-type="fig"}). Similar numbers were obtained after noise exposure ([Fig 6c and 6d](#pone.0235491.g006){ref-type="fig"}), as previously reported \[[@pone.0235491.ref021], [@pone.0235491.ref023]\]. At both frequencies and in both conditions, homozygous *Sirt3-KO* cochleae harbored between 17.8 and 18.8 synapses per IHC ([Fig 6i--6l](#pone.0235491.g006){ref-type="fig"}). As the numbers of auditory synapses in homozygous Sirt3-KO mice are the same or slightly more compared to wild-type littermates in either condition, we conclude that the loss of SIRT3 protein does not potentiate synaptopathy from noise exposure.

![SIRT3 loss of function does not increase synaptic loss in either condition.\
a. Representative image of wild-type 12 kHz IHCs with no noise exposure, stained with anti-MYO7 (blue), anti-CTBP2 (red) to reveal pre-synaptic structures, and anti-GRIA2 (green) to reveal post-synaptic structures. Mean synaptic number per IHC (± s.e.m.), visually counted from 3 biological replicates with 8 IHCs each, is noted in the upper right hand corner. Size bar: 5 microns. b. Representative image of wild-type 24 kHz IHCs with no noise exposure, similarly stained to (a). 3 replicates, 6--7 IHCs each. c. Representative image of wild-type 12 kHz IHCs at 14 DPN, similarly stained to (a). 4 replicates, 7--11 IHCs each. d. Representative image of wild-type 24 kHz IHCs at 14 DPN, similarly stained to (a). 3 replicates, 7--8 IHCs each. e--h. Three dimensional Amira rendering of confocal stacks shown in (a--d), respectively, with MYO7 rendered in white, CTBP2 in red, and GRIA2 in green. Hair cells are rotated to display from similar orientations. i. Representative image of homozygous *Sirt3-KO* 12 kHz IHCs with no noise exposure, similarly stained to (a). 3 replicates, 6--8 IHCs each. j. Representative image of homozygous *Sirt3-KO* 24 kHz IHCs with no noise exposure, similarly stained to (a). 3 replicates, 4--7 IHCs each. k. Representative image of homozygous *Sirt3-KO* 12 kHz IHCs at 14 DPN, similarly stained to (a). The angle of the tissue in the imaging foreshortens the IHC. 5 replicates, 6--8 IHCs each. l. Representative image of homozygous *Sirt3-KO* 24 kHz IHCs at 14 DPN, similarly stained to (a). IHCs appear different because of the angle of the tissue. 3 replicates, 6--8 IHCs each. m---p. Three-dimensional Amira rendering of confocal stacks shown in (i--l), respectively, with MYO7 rendered in white, CTBP2 in red, and GRIA2 in green. Hair cells are rotated to display from similar orientations. The apical truncation shown in (p) is an artifact of the confocal imaging.](pone.0235491.g006){#pone.0235491.g006}

Discussion {#sec012}
==========

NIHL is a life-long, progressive disability that presents a significant social and personal burden. Variants in genes that reduce oxidative stress can enhance susceptibility to occupational NIHL \[[@pone.0235491.ref007]\], indicating the importance of this pathway to acquired hearing disorders. SIRT3 is a major regulator of the mitochondrial oxidative stress response \[[@pone.0235491.ref034]\], and the pharmacological activation of SIRT3 protects against permanent threshold shift (PTS) in mice \[[@pone.0235491.ref019]\]. We tested the hypothesis that loss of SIRT3 function impacts recovery from a noise insult that confers a temporary threshold shift (TTS) in young adult mice. We show that SIRT3 immunoreactivity is present in OHCs, around the post-synaptic structures of IHCs, and faintly within IHCs themselves, comparable to mRNA studies \[[@pone.0235491.ref030]\]. We measured auditory thresholds of homozygous *Sirt3*-KO mice and their wild-type littermates with ABR and DPOAE, before noise exposure, immediately after noise exposure, and a third time after the mice had recovered. We observed differences in auditory function between the genotypes prior to noise exposure. Homozygous Sirt3-KO mice initially had slightly, but significantly, worse overall ABR thresholds compared to their wild-type littermates. Moreover, homozygous Sirt3-KO mice initially had significantly reduced high-frequency ABR amplitude progressions compared to wild-type littermates. After noise exposure, no ABR differences were observed between the genotypes. We did not observe differences in OHC function, by DPOAE threshold or fine structure, or in OHC survival. No differences were observed in IHC survival in either condition. Homozygous *Sirt3-KO* mice had similar numbers of high-frequency IHC synapses to their wild-type littermates, both before and after noise exposure. These results suggest that SIRT3 may be important in spiral ganglion signaling, as indicated by the reduced ABR function prior to noise damage. They also indicate that SIRT3 is not required in mice for recovery from TTS, which contrasts with its clear role in mitigating PTS damage when exogenously activated.

The oxidative stress response acts to mitigate the effects of traumatic or repetitive noise injury on the cochlea \[[@pone.0235491.ref011]\]. Mitochondrial genetic defects are strongly associated with NIHL susceptibility \[[@pone.0235491.ref010]\], and strategies to reduce mitochondrial oxidative stress can protect from NIHL in animal models \[[@pone.0235491.ref035], [@pone.0235491.ref036]\]. SIRT3 protects by activating mitochondrial enzymes that reduce oxidative radicals, including SOD2 \[[@pone.0235491.ref037]\] and Catalase \[[@pone.0235491.ref038]\], through lysine deacetylation. In analyses of SIRT3 effector molecules, heterozygous *Sod2-KO* mice were shown to incur more damage from traumatic noise compared to wild-type controls, including higher ABR thresholds and greater OHC losses \[[@pone.0235491.ref039]\]. Notably, the exogenous activation of SIRT3 through pharmacological means restores partial cochlear function after traumatic noise damage \[[@pone.0235491.ref019]\] and aminoglycoside damage \[[@pone.0235491.ref040]\]. Taken together, these data show that in mice, the SIRT3-induced oxidative stress response is activated after traumatic noise, reduced levels of those effectors worsen trauma outcomes, and increasing SIRT3 activity improves trauma outcomes. This is consistent with current models of human occupational NIHL susceptibility, and informs some efforts to combat NIHL \[[@pone.0235491.ref041], [@pone.0235491.ref042]\].

In contrast, the experiments in this report assess hearing recovery from TTS. Studies investigating pharmacological activation of SIRT3 showed that loss of SIRT3 did not further exacerbate damage from PTS in mice \[[@pone.0235491.ref019]\]. We have previously shown that the TTS paradigm reveals susceptibility to noise damage in homozygous *Foxo3-KO* mice \[[@pone.0235491.ref021]\]. Others have used TTS paradigms to investigate the protective roles of the medial olivocochlear system \[[@pone.0235491.ref043]\] and of peroxisomes \[[@pone.0235491.ref044]\]. In all three examples, a single sub-traumatic noise exposure readily revealed damage susceptibility. We find that there is no similar susceptibility with SIRT3 loss-of-function mice (Figs [2](#pone.0235491.g002){ref-type="fig"}, [4](#pone.0235491.g004){ref-type="fig"} & [5](#pone.0235491.g005){ref-type="fig"}), even though SIRT3 is detected in the organ of Corti ([Fig 1](#pone.0235491.g001){ref-type="fig"}) and impacts auditory function before noise exposure (Figs [2](#pone.0235491.g002){ref-type="fig"} & [3](#pone.0235491.g003){ref-type="fig"}). These data may be interpreted to indicate that for a single, sub-traumatic noise exposure, protective mechanisms not related to oxidative stress are sufficient for hearing recovery. Cochlear responses to chronic insults, such as aging and occupational noise exposure, likely contain additional mechanisms. Nonetheless, a profound relationship between TTS and age-related hearing loss has been reported, in which acute synaptopathy was associated with an exacerbated long-term change of cochlear function \[[@pone.0235491.ref020]\]. In this regard, whether the presence of SIRT3 makes a difference in the situation of cochlear synaptopathy or in long-term changes after sub-traumatic noise exposure is worth further investigation.

We present a new analytical technique for calculating significant differences between amplitude progressions, which has two novel components. First, we compare the integrals of the amplitude progressions, as this measure reflects neuron recruitment in response to increasing stimuli. Since the summation of neuronal activity is the variable of interest, we contend that the integral of the amplitude progression function is the appropriate measure for comparison. This contrasts with comparing the slopes of two progressions, as these are the derivatives of the neuronal summation. Second, we use generalized estimating equations (GEE) instead of a linear extrapolation to model amplitude progressions \[[@pone.0235491.ref029]\]. GEE are commonly used in longitudinal biomedical and environmental studies to assess the effect of an intervention \[[@pone.0235491.ref045]\]. This is because GEE can account for the correlation structure that results from repeated measurements of the same individual, leading to more consistent estimation of differences when compared to parametric tests that neglect correlation \[[@pone.0235491.ref046]\]. Others have used GEE to assess differences over time in human retinal ERG outputs, which are similar in nature to ABR progressions \[[@pone.0235491.ref047], [@pone.0235491.ref048]\]. Of course, this method is only valid when thresholds are not statistically different, as we had found for the 32 kHz frequency ([Fig 2](#pone.0235491.g002){ref-type="fig"}).

We show that high-frequency cochlear synaptopathy from noise exposure is not potentiated in the homozygous *Sirt3-KO* mouse ([Fig 6](#pone.0235491.g006){ref-type="fig"}). This result was counterintuitive, given the role of excitotoxic glutamate in auditory synaptic loss \[[@pone.0235491.ref020], [@pone.0235491.ref049]--[@pone.0235491.ref051]\] and the presence of SIRT3 immunoreactivity around the synaptic region of the IHCs ([Fig 1](#pone.0235491.g001){ref-type="fig"}). The latter finding suggests that SIRT3 may promote mitochondrial function in neurites and supporting cells, and would be predicted to be protective. However, we note that the homozygous *Sirt3-KO* mouse would have had mitochondrial dysfunction throughout its development. It is possible that compensatory mechanisms to prevent calcium overload are present in homozygous *Sirt3-KO* neurites. Such mechanisms could take the form of changes in efferent neurotransmission. Exogenous dopamine, for example, can lower cochlear action potential amplitudes in guinea pigs, providing a tonic effect that counteracts excitotoxicity \[[@pone.0235491.ref052]\]. Alternatively, stress signaling within spiral ganglion afferent neurites could modulate their activity. Altered cAMP levels within spiral ganglion neurites, for example, modulate an inward potassium current through HCN channels, which shapes EPSP waveforms and modulates the probability of spike formation \[[@pone.0235491.ref053]\]. Compensatory mechanisms could also account for the reduced peak 1 amplitude observed in homozygous *Sirt3-KO* mice prior to noise exposure ([Fig 3](#pone.0235491.g003){ref-type="fig"}). Note that in the wild-type mice, peak 1 amplitudes are significantly reduced in response to noise \[[@pone.0235491.ref023]\] in the absence of synaptopathy ([Fig 6](#pone.0235491.g006){ref-type="fig"}), suggesting that this change could be due to reduced or desynchronized firing by spiral ganglion neurons.

Our data are most consistent with a role for SIRT3 in the maintenance of spiral ganglion function in the absence of noise exposure, and not in restoring auditory function from a TTS or hair cell survival. It is interesting that while exogenous SIRT3 activation can mitigate the effects of noise damage in mice, endogenous SIRT3 activity may not serve this function. This suggests that a comprehensive approach for addressing noise damage could include both an understanding cellular homeostasis as well as novel ways to augment its stability.

We gratefully acknowledge Dr. Anne Luebke, who maintains the Small Animal Auditory Testing Core and Dr. V. Kaye Thomas, who maintains the Center for Advanced Light Microscopy and Nanoscopy, both at URMC. We also thank Ms. Holly Beaulac for a critical reading of the manuscript.
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3\. We note that you have included the phrase "data not shown" in your manuscript. Unfortunately, this does not meet our data sharing requirements. PLOS does not permit references to inaccessible data.

We require that authors provide all relevant data within the paper, Supporting Information files, or in an acceptable, public repository. Please add a citation to support this phrase or upload the data that corresponds with these findings to a stable repository (such as Figshare or Dryad) and provide and URLs, DOIs, or accession numbers that may be used to access these data. Or, if the data are not a core part of the research being presented in your study, we ask that you remove the phrase that refers to these data.

We have revised Figure 5 to include data on IHC survival, which had previously not been shown. We have searched the document and removed all phrases referring "data not shown" or "not shown".

Reviewer \#1:

The authors performed experiments of noise-induced hearing loss (temporary threshold shift) in Sirt3 knockout mice. The hearing levels (ABR and DPOAE) were assessed in Sirt3 KO mice and WT mice cochleae at the time points of pre-noise, 1 day post-noise (1DPN), and 14 days post-noise(14DPN). Synaptic counts of the inner hair cells, and cochleaograms were assessed at 1DPN and 14DPN.

The hearing levels of SIRT3 KO mice were not significantly different from WT mice at all time points by conventional ABR and DPOAE. The authors further analyzed ABR wave I amplitude by an advanced statitistical method, generalized estimating equations which showed significantly decreased wave 1 amplitude in the KO mice at the pre-noise time point.

Synaptic counts and cochleograms were not significantly different between Sirt3 KO mice and WT mice at pre-noise and 14DPN.

This reviewer think methods and data of this manuscript is scientifically solid, but these are basically negative data, in that Sirt3 activity is not necessary for spontaneous recovery from noise-induced hearing loss (temporary threshold shift) in mice.

We thank the reviewer for their assessment of our scientific analysis. We agree that the TTS recovery data are essentially negative. We don't consider this a problem, as negative results also contribute to the body of scientific knowledge.

For example in lines 422-424 it is discussed that "These data may be interpreted to indicate that for single, sub-traumatic noise exposure, some other cellular protective mechanism is sufficient for endogenous recovery. Heat shock proteins and the FOXO3-dependent response are candidates", but these claims should be supported by an original data which directly address this discussion.

On the reviewer's advice, we have removed our speculation about candidate gene pathways that might promote recovery in the absence of SIRT3.

However this manuscript contains the below findings.

1\) Wave 1 ABR amplitude was significantly reduced in Sirt3 knockout mice, as shown by generalized equation method.

2\) Synaptic count in IHC was not different in Sirt3 knockout mice as compared to WT mice.

3\) Therefore the reduced wave 1 amplitude may reflect importance of Sirt3 in the spiral neurons.

This reviewer recommend thorough revision of this manuscript (including the title) in line with the above positive findings in this data set. The below is additional comments:

We are grateful to the reviewer for their advice in interpreting our experiments. We have made revisions to the title, the abstract, and the discussion to highlight the positive results as recommended. We believe these include the validated antibody staining, which has not previously been published. In addition, the ABR tests before noise exposure indicated that Sirt3-KO mice had higher overall thresholds, even though no specific frequency was different. This was not emphasized in the original draft. Note, though, that our experimental design specifically addressed SIRT3's role in recovery from sub-traumatic noise. We are not able to perform additional experiments on SIRT3's role in spiral ganglion neurons, due to extraneous events, including our state and university's shut down. We have highlighted the positive findings, while keeping the description of the experiments consistent with their design.

1\) Please indicate the reason why the authors focused on the function of Sirt3 in noise induced hearing loss of temporary threshold shift (TTS), instead of permanent threshold shift(PTS). What would be expected in cases of PTS?

Previous experiments performed by Brown et al, 2014 Cell Metab 20:1059-68 showed that SIRT3-KO and wild-type littermates had similar responses to PTS stimuli. We surmised that differences might be observed in response to TTS stimuli, as this approach has revealed roles for other proteins in cochlear homeostasis, as described in the Discussion (paragraph 3). We have revised the introduction and discussion to emphasize this point.

2\) Lines 452-453, "Generalized estimating equations can provide a function that is more accurate representation of the progression."

Please indicate more solid basis supporting this clam, for example, by citing previous papers. This reviewer feel foundation of this methodology can be a topic of another separate research paper.

We regret that our justification for the use of generalized estimating equations was unclear. Our innovation is two-fold. First, we compare the integrals of the amplitude progressions, as these reflect the coordinated signaling of increasing numbers of spiral ganglion neurons with increasing stimulus. Second, we use GEE to model the progressions and thus to obtain the integrals. GEE are commonly used in longitudinal biomedical and environmental studies to assess the effect of an intervention (Liu and Colditz, 2018, Biom J 59:315-330). This is because GEE can account for the correlation structure that results from repeated measurements of the same individual, leading to more consistent estimation of differences when compared to parametric tests that neglect correlation Nitta et al, J. Epidemiol 2010, 20:117-184). Others have used GEE to assess differences in retinal ERG outputs in disease, which are similar in nature to ABR progressions (see Francis et al, 2014, PLOS ONE 9:e84247 and Pearl et al 2017 J. Huntingtons Dis 6:237-247 for examples).

Our use of GEE in assessing changes in the integrals of ABR progressions in subjects after noise exposure is novel and there are no previous citations on this application. Our choice of statistical analysis arose from consultations between Dr. White and Dr. Almudevar, who has decades of experience in biostatistical analyses. We have included this language and these references in the discussion section that describes the GEE, providing a clearer justification for its use.

Reviewer \#2: Several years ago, a group showed that pharmacologic activation of SIRT3, or genetic overexpression of SART3 had a protective effect on noise-induced hearing loss. This study was overall consistent with other studies which similarly did "gain of function" studies for SIRT3.

This study is interesting because it looks at the endogenous un-activated SIRT3. The data fairly convincingly shows that endogenous SART3 does not have a major role at its normal basal levels in protecting against noise-induced hearing loss. Characterization of the localization of SIRT3 is also done, and other useful information is acquired.

Overall, I felt the story as a whole was convincing, and except for statistical tests, I don't think any significant work is needed. However, I think some textual revisions are warranted to really highlight the difference between the loss of function experiments performed here and the gain of function experiments performed elsewhere.

We thank the reviewer for their kind words about our work. We have revised the text as you suggested below.

Suggestions:

1\. I think the major suggestion would be to clarify the major hypothesis that is being tested in this entire paper within the abstract. The abstract is not convey the critical background information which is that gain of function and pharmacologic activation studies have been performed and they have demonstrated that gain of function activity has protective effects. The abstract needs to clarify this and also clarified that the outstanding question of whether the endogenous levels of SIRT3 have a role in the absence of activation. This is not well spelled out in the abstract, but it does come through in the introduction. Since many people will choose to read the paper based on the abstract, the abstract needs to be much clearer regarding the rationale for the current experiments. One could possibly read the abstract and think that the purpose of this group is to contradict the gain of function studies. That is definitely not the case, but the abstract is not clear about what is being tested and whether the purpose of this experiment is to reevaluate the gain of function studies, which certainly is not the goal. So, I suggest that the authors clarify that previous studies were gain of function studies and do not address the role of the endogenous protein in the absence of pharmacologic or genetic activation.

We have revised the abstract as recommended, including the hypothesis ("Here we test the hypothesis that SIRT3 is required in mice for recovery of auditory thresholds after a noise exposure that confers a temporary threshold shift.") We also include a sentence to better place our results in the context of previous findings ("These loss-of-function studies contrast with previously published gain-of-function studies and help refine our understanding of SIRT3's role in homeostasis.")

2\. In line 322, and elsewhere, the authors say "strikingly, noise exposure did not potentiate OHC losses..." I don't know why the authors say strikingly. To me, there's no reason to think that endogenous levels of SIRT3, without activation, had any role. I would remove this type of language because it implies that the authors had a preconceived notion about the function of SIRT3, and a preconceived notion that the basal levels have a protective effect. I think they should present themselves as more objective throughout this manuscript making it clear that it is very plausible that endogenous SIRT3 has no beneficial effect versus the alternative model that endogenous SIRT3 has a beneficial effect. I think there's no reason for the authors to take a stand one way or another so they should be clear in the introduction, first paragraph of the Discussion, and elsewhere that they had no bias and either result would be interesting and important.

We have revised the introduction, the results, and the discussion to present the work with less experimenter bias. We continue to describe the lack of synaptopathy potentiation as counter-intuitive, however, as it allows us to speculate on potential compensatory mechanisms.

3\. In some places, the authors refer to "endogenous recovery." I think this doesn't make sense. All recovery is endogenous. I think they mean endogenous levels of SIRT3, or basal levels of SIRT3 activity or something else. But the term "endogenous recovery" is inaccurate and confusing. I would correct this throughout.

We thank the reviewer for their advice, and have replaced "endogenous recovery" with "hearing recovery" throughout the manuscript.

4\. To me, the authors' Discussion really miss is the most important and interesting part of the entire study which is that SIRT3 can be exploited for a novel function -- protection from hearing loss, through pharmacologic or genetic activation. However, the protein normally does not serve this function. It only serves this function of highly activated through these gain of function approaches. They should be clearly stated and this is in fact very interesting. But this is the best and clearest way to explain the robust effects of gain of function work by reference 20 compared to the lack of effect with the loss of function experiments performed here. I would revise the discussion appropriately.

We now discuss this observation to the final paragraph of the discussion.

5\. In many cases many of the figures black any statistical presentation. It's hard to know what the key values are in several of the major figures such as figure 2, figure 3, and figure 4. Even if there are no statistically significant differences, these need to be indicated as well. The exact statistical tests need to be mentioned in the legends.

In figures where data are directly compared within a graph such as ABR thresholds, we have labeled that graph with the statistical presentation. In the DPOAE input-output functions, the overall statistical test showed no difference, and we have made a note of that one time on the figure. In the cochleograms, the data for each genotype and condition are presented separately, and we have noted in the legends which panels are compared and what their statistical tests are. For synaptic numbers, on inspection homozygous Sirt3-KO mice have equal numbers or on average slightly more synapses, which disproves the hypothesis that loss of Sirt3 confers sensitivity to synaptic loss from noise.
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Reviewer \#1: (No Response)

Reviewer \#2: All comments have been addressed
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2\. Is the manuscript technically sound, and do the data support the conclusions?
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